Professional phagocytes detect, pursue, engulf, and kill bacteria. While all professional 14 phagocytes use chemotaxis to locate bacteria, little is known about whether they can 15 discriminate among them, responding preferentially to some bacteria over others. Here we 16 examine the chemotaxis of the soil amoeba and professional phagocyte Dictyostelium 17 discoideum in assays where amoebae were presented with a paired choice of different bacteria. 18
community. Because cyclic adenosine monophosphate (cAMP) is a known chemoattractant for 23
D. discoideum, we tested whether it mediated the preference for Gram-negative bacteria. 24
Chemotaxis was diminished in response to a cAMP-deficient strain of Escherichia coli and 25 enhanced in response to an E. coli strain that overproduces cAMP. We conclude that D. 26 discoideum discriminates at a distance among bacteria and that discrimination is mediated in 27 part by sensing of cAMP. Preferential sensing and response to different bacteria may help to 28 explain why some amoeba-bacterial associations are more prevalent in nature than others. There is a growing appreciation that nearly all multicellular organisms are colonized by large 35 numbers of bacteria that approach or even outnumber an organism's own cells [1] [2] [3] . These 36 bacteria can influence everything from a host's physiology to its development and behavior 37
[reviewed in [4] [5] [6] . Despite the near universality of colonization by bacteria, however, little is 38 known about the extent to which hosts can selectively maintain or remove different bacteria-39 which in turn requires the ability to sense and respond preferentially to some bacteria over 40 others. 41
42
Professional phagocytes include motile cells of the mammalian immune system, such as 43 neutrophils or macrophages, that locate and engulf bacterial invaders [7] [8] [9] . However, 44 phagocytosis is also used by free-living amoebae to hunt and kill bacteria for food [10, 11] . 45 Phagocytosis involves invagination of the cell membrane, engulfment, and internalization of a 46 bacterial cell or object. The resulting vacuole, called a phagosome, subsequently fuses with a 47 lysosome that contains a variety of hydrolytic enzymes and usually results in death and 48 digestion of the bacteria. Because the molecular basis of phagocytosis is conserved between 49 amoebae and mammals, many bacteria that can evade intracellular killing and replicate inside 50 immune phagocytes also infect and kill free-living amoebae [12, 13] . Indeed, amoebae are 51 thought to be the primary reservoir for these bacterial pathogens in nature and potentially a 52 natural predator that selected for their pathogenic features [14] [15] [16] [17] [18] [19] [20] . 53 
54
Phagocytosis is a specific process, requiring host receptors that recognize and bind ligands on 55 the bacterial cell surface [21] [22] [23] [24] [25] . This specificity alone leads to some degree of discrimination 56 on the part of phagocytes in their ability to attach to, engulf, and kill bacteria they encounter [26] . 57 killing and digestion of Gram-negative versus Gram-positive bacteria, and different genes 59 aureus is a Gram-positive bacterium commonly found on the skin and in the respiratory tract. 10 g glucose, 10 g Bacto Peptone (Oxoid), 1 g yeast extract (Oxoid), 1g MgSO 4 , 1.9 g 127 KH 2 PO 4 , 0.6 g K 2 HPO 4 , 20 g agar). Following germination and growth, amoebae were 128 harvested from a leading edge and inoculated into petri dishes containing 10 ml of HL5 medium 129 (ForMedium Ltd) supplemented with 10% fetal bovine serum and 2% PSV (10 mg/ml penicillin, 130 50 mg/ml streptomycin sulfate, 20 μg/ml folate, and 60 μg/ml vitamin B12 Table S1; most were standard lab  138 strains, except for Burkholderia spp., which we isolated from the sorus of a D. discoideum 139 fruiting body. Following inoculation from frozen stocks, colonies were inoculated into 1 ml of LB 140 medium and grown overnight at their respective optimal temperatures: 37C (Ec, Bs, Kp, Ml, and 141 toward the bacteria by time-lapse microscopy, which commenced two hours after the spotswere deposited. Images were taken on a Leica DMI6000B microscope with an automated stage 162 at 50X magnification using the LAS software suite. The left and right edges of each amoeba 163 spot (representing the area the amoebae would enter once they commenced chemotaxis) were 164 imaged every five minutes. From these image stacks, we extracted the image corresponding to 165 four hours from the start of the experiment, which was two hours after the start of the time lapse. 166
We chose this time-point based on preliminary experiments: by this time, the amoebae had 167 usually exited the boundaries of the spots, but not yet filled the imaged area completely. 168
169
Image Analysis -The number of cells that moved towards each bacterial species was counted 170 in ImageJ. Images were first cropped (at a tangent to the spot) so that only cells that had 171 migrated outside the boundaries of the spot would be counted. The cropped image, consisting 172 of a rectangular selection of dimensions 10 x 12.5, was converted to an 8-bit image, thresholded 173 to achieve a binary image, and the cells were counted using the module "Analyze Particles". 174 coli strain that carries an additional copy of the cyaA gene on an inducible plasmid (cyaA OE ; 183 ASKA E. coli K12 W3110; gift of Tim Cooper, University of Houston) [47] . The presence and 184 absence of the cyaA gene in the ∆cyaA and wild-type E. coli, respectively, was confirmed by 185 PCR using cyaA specific primers, whereas the ASKA strain was confirmed by sequencing the 186 plasmid insert.
188
Prior to the assays, the ∆cyaA, wild-type, and cya OE strains were streaked onto LB plates, 189 grown overnight at 37 C, and single colonies were inoculated into test tubes containing 1 ml LB. 190
The ∆cyaA culture was supplemented with 30 μg/ml kanamycin to ensure retention of the 191 deletion allele, and the cyaA OE culture was supplemented with 10 μg/ml chloramphenicol and 1 192 mM IPTG to promote plasmid maintenance and induce expression of the cyaA gene, 193
respectively. All cultures were incubated overnight at 37 C and concentrated to an OD600 of 5 194 prior to the start of the experiment. Chemotaxis assays were carried out as described above. We modeled the chemotactic response, quantified as the number of cells migrating towards a 220 bacterial spot after 4 hours, as a function of the focal bacteria, the alternative choice of bacteria 221 (see Fig. 1 ), the Gram status, and the D. discoideum genotype. All three interaction terms (Dd 222 genotype x focal bacteria, Dd genotype x alternative bacteria, and alternative bacteria x focal 223 bacteria) were highly non-significant and dropped from the model ( Table 1 ). The identity of the 224 alternative bacteria in each pairwise choice was also highly non-significant and likewise dropped 225 from the model. The lack of significance for this term indicates that the chemotaxis of the 226 amoebae to any given bacteria was similar regardless of its alternative choice bacteria. 227 228 Overall, we observed significant variation in the response to different bacteria (focal bacteria; 229 χ 2 =29, df=1, P<0.0001). The strongest response was to P. fluorescens, a bacterial species that 230 has been found in the fruiting bodies of D. discoideum [40, 42] . The weakest chemotactic 231 responses were to the Gram-positive bacteria M. luteus, S. aureus, and E. facaelis (Fig. 3) . 232 Consistent with our conclusions based on the pairwise analysis, our full statistical model 233 showed a significant effect of Gram-status on chemotaxis ( Fig. 4; F 
249
To test the hypothesis that amoebae are specifically sensing and responding to cAMP, we 250 compared the amoeba response to an E. coli mutant with a gene deletion of cyaA, which 251 encodes adenylate cyclase, the enzyme that catalyzes the production of cAMP from adenosine 252 triphosphate (ATP). We compared the amoebae responsiveness to the deletion mutant to that 253 of its wild-type progenitor and to an E. coli strain that overexpresses cyaA-and thus these 254 strains should vary in their production of cAMP. Consistent with our hypothesis, chemotaxis was 255 strongest to cyaA OE and weakest to ΔcyaA (see Fig. 5 for example images for strain QS39), and 256 the pattern was consistent across all three D. discoideum genotypes (Fig. 6) . Taken should produce the highest levels of cAMP), weaker towards the wild-type, and the lowest to 293 cyaA null mutants that lack cAMP. Taken together, this result suggests that D. discoideum's 294 preference for Gram-negative bacteria is mediated in part by differences in production of cAMP 295 among bacteria. We note, however, that we observed stronger migration towards the cyaA-296 strain than a control that lacked any bacteria, indicating that cAMP is not the sole molecule that 297 induces chemotaxis towards E. coli. The likely explanation for the migration towards the cyaA-298 strain is that the cells are responding to folate, which has been previously associated with 299 localization of bacteria by Dictyostelium [52,56], or some other unidentified chemoattractant. 300
301
The specific bacteria that induced the strongest amoeba response are also interesting to 302 consider individually. P. fluorescens, which elicited the strongest overall response, has been 303 repeatedly isolated from the fruiting bodies of D. discoideum and shown to provide some benefit 304 to the amoeba, as either food or through the production of antifungal compounds [42] . Two 305 other bacteria that also elicited strong responses were E. coli and K. pneumoniae -these are 306 both species that are routinely used to cultivate D. discoideum in the laboratory and constitute 307 the best known prey bacteria for this species. Consistent with our hypothesis, there was stronger migration in each paired comparison to the 526 E. coli strain producing more cAMP. Note, however, that there was also stronger migration to 527 the cyaA strain than in controls containing no bacteria. 
